Herein, biochar-supported nanomaterials were synthesized using a mixture of chestnut shells and carbon nanotubes via slow pyrolysis at 600 C for 1 h. Then, the adsorption ability of chestnut shell-carbon nanotubes (CS-CNTs) towards the removal of aqueous Pb(II) was tested. The removal capacity of Pb(II) by CS-CNT was 1641 mg g À1 , which was significantly higher than that by the biochar of chestnut shells (CSs) (1568 mg g À1 ), which demonstrated that the sorption capacity could be improved by the carbon nanotubes. The factors studied here indicated that the adsorption was rapid in the initial 15 min under the conditions of the Pb(II) concentration of 50 mg L À1 and the pH value of 5, and the values reached 1417 mg g À1 and 1584 mg g À1 . The adsorption rate and capacity increased on increasing the concentration of NaCl. The sorption reaction was consistent with the Langmuir model, indicating a mono-layer adsorption behavior. The adsorption process can also be defined via the pseudo-secondorder model, suggesting that the adsorption of Pb(II) might be controlled by chemisorption. After carrying out four cycles of adsorption-desorption experiments, the adsorption rates of CS and CS-CNT remained at 82.92% and 88.91%, respectively, indicating that the biochar samples had stable and excellent sorption ability for heavy metals and huge application value. Thus, this study would provide a promising sorbent for the treatment and remediation of metal contaminants.
Introduction
With the rapid development of modern industries and agriculture, the presence of lead (Pb) in the aquatic environment has become a major concern for researchers worldwide. Because of their toxicity, persistence and non-degradation, heavy metals tend to accumulate in living organisms; this poses a serious threat to the living organisms and human health and gradually affects the entire ecosystem. 1, 2 The removal of Pb(II) from wastewater has become an urgent problem in environmental protection. Therefore, the development of scientic and effective methods to deal with the wastewater polluted by Pb(II) has become a research hotspot.
Several methods, such as advanced oxidation, biological treatment, electrochemical technologies, and adsorption, have been widely used to remove heavy metals from wastewater. [3] [4] [5] [6] The adsorption technology is a preferred approach because of its safety, efficiency, and economic feasibility; moreover, it can be performed using low-cost sorbents in the adsorption process. 7 Biochar is the most popular sorbent in the sorption process, and many studies have been carried out on biochar. Biochar, which can be produced by the oxygen-restricted pyrolysis of biological organic materials 8, 9 and has numerous environmental benets and wide application potential, has attracted considerable attention from many researchers. 10 It is not only a stable porous carbon material but also a low-cost sorbent with a high specic surface area and abundant surface functional groups; due to these properties, biochar is widely applied for increasing soil fertility and adsorption performance to alleviate environmental pollution and reduce environmental risks. [11] [12] [13] [14] [15] As an economical, green and efficient sorbent, biochar has been widely used in the study of heavy metal adsorption. 16 However, it has been found that biochar easily causes secondary pollution during the adsorption of heavy metals. 17, 18 With the further development of biochar, the preparation of biochar composites with excellent adsorption performance by modifying and loading other materials on its surface has become a current research focus.
Similar to biochar, carbon nanotubes (CNTs), characterized by large specic surface areas and layered hollow structures are promising new adsorbents that have unique mechanical, electrical and thermal properties. 19 Previous studies have shown that carbon nanotubes have excellent binding affinity to heavy metals in aqueous solutions; [20] [21] [22] however, the application of carbon nanotubes in the removal of heavy metals is limited due to the poor solubility of these nanotubes and their tendency to aggregate into bundles. Hence, novel techniques have been developed to stabilize carbon nanotubes in order to improve their capacity for application in the removal of heavy metals. Several studies have demonstrated that biochar can be used as a carrier to provide both pore space and surface sites to stabilize and distribute carbon nanotubes. [23] [24] [25] In addition, recent studies have proposed to combine biochar with nanomaterials, which can produce "engineered biochars" that would feature unique physicochemical properties and enhanced sorption capacities for the removal of heavy metals. 26 Since both biochar and nanomaterials have signicant adsorption capacity, the biochar-supported nanocomposites are prospective sorbents for contaminants and can provide a new prospect for water treatment and environmental protection.
Thus, the objectives of our research are as follows: (i) to produce biochar-supported nanomaterials by an impregnation method and evaluate the potentials of nanocomposites as functional sorbents for the removal of heavy metals; (ii) to utilize Pb(II) as a model metal pollutant to examine the effect of underlying inuencing factors, such as initial Pb(II) concentration, solution pH, ionic strength, utilization times of the biochar samples, reaction time and temperature, on the adsorption reaction; and (iii) to obtain insights into the mechanism of the reaction of Pb(II) with biochar-supported nanocomposites by mathematical models and characterization tools.
In the previous studies on the sorption of Pb(II) on biocharsupported CNT composites published until now, the raw materials of biochar vary, including sugar beet, animal waste residues and sweetgum biomass. 27, 28 In this paper, biochar and biochar-supported nanocomposites were prepared through the slow pyrolysis of chestnut shells pre-treated with CNTs, and this study investigated the effects of different factors on the sorption of Pb(II) with biochar samples, which has not been reported so far. Moreover, biochar and biochar-supported nanocomposites were characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). Simultaneously, various mathematical models were used to simulate the adsorption process and contribute to the analysis of sorptive mechanism. This paper not only investigates the efficiency of the adsorption of Pb(II) on the composites, but also provides experimental basis and theoretical support for the application of biochar and its composites in treating heavy metal pollution.
Materials and methods

Materials
Chestnut shells were obtained from Qufu city, China, and its chemical components were phenois, organic acids, sugar, polysaccharides or glycosides, iactanes, coumarins, sterol or triterpene, tannins and avonoids. 29, 30 Aer being washed with distilled water, the feedstock was naturally air-dried and crushed to powder for biochar production. The carbon nanomaterials multi-walled CNTs (MWCNTs, purity > 95%, Beijing, China) with the diameters of 10-20 nm were used. Lead nitrate was purchased from Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China). The chemical reagents used in this study were of analytical grade.
Preparation of the sorbents
As shown in Fig. 1 , the carbon nanomaterial-biochar nanocomposites are prepared by the impregnation method. First, a nanomaterial suspension was prepared by mixing 3 g of CNT with 200 mL of deionized (DI) water, and the suspension was stirred and sonicated for 2 h in an ultrasonicator (SB-5200-DT) for the preparation of biochar-based nanocomposites. Second, 20 g chestnut shell feedstock was added to the abovementioned suspension and thoroughly dip-coated for 2 h, followed by drying in an oven at 70 C for 48 h. Finally, the nanocomposites produced via slow pyrolysis for 1 h at 600 C in a tube furnace (LTKC-6-12) under N 2 protection were obtained. In addition, feedstock without carbon nanomaterials was used to produce pristine biochar under the same pyrolysis conditions (i.e., 600 C for 1 h in an N 2 environment). The pristine biochar and biochar nanocomposites were marked as CS and CS-CNT, respectively. The biochar sorbents were washed several times with distilled water to remove potential impurities, oven-dried, and stored in containers for subsequent use. The physicochemical properties of CS and CS-CNT are presented in Table 1 .
Characterization
The Brunauer-Emmett-Teller (BET) method was applied to measure the specic surface area and pore volume of the biochar samples by a surface area and porosity analyzer (Kubo, China). A Fourier transform infrared (FTIR) spectrometer (NEXUS-470, America) produced by Thermo Nicolet Corporation was used to detect surface functional groups in the wavenumber range from 4000 to 400 cm À1 . A scanning electron microscope (SEM; Sigma 500 VP, Carl Zeiss AG, Germany) was used to examine the morphology and structure of the samples. The crystalline structures of the biochar samples were characterized by an X-ray diffractometer (X'pert3, PANalytical, The Netherlands).
Adsorption experiments
A stock solution of Pb (500 mg L À1 ) was prepared for subsequent dilution to expected concentrations in the batch experiments conducted to investigate the adsorption of Pb(II). Sorption experiments for each biochar sample were carried out Aer the reaction, the suspensions were immediately ltered through 0.22 mm pore size nylon membrane (GE cellulose nylon membrane) lters for later analyses. All treatments were repeated three times, and the results were reported according to average values. The residual Pb(II) concentrations in the ltrates were determined using a ame atomic absorption spectrophotometer (Shimadzu AA-7000). Moreover, in this study, the Langmuir and Freundlich isotherm models were applied to describe the sorption behavior. The equations are described as follows: 31, 32 
Here, C e (mg L À1 ) is the equilibrium concentration of the adsorbate in the solution, q e (mg g À1 ) is the amount of the metal adsorbed at equilibrium, q m (mg g À1 ) is the maximum monolayer adsorption capacity, K L (L mg À1 ) is the Langmuir constant, and K F (mg g À1 ) and n are the Freundlich constants. Moreover, two different models were used to simulate the adsorption kinetics in this study. The equations of the two models are as follows: 33 logðq e À q t Þ ¼ log q e À k 1 t 2:303
; first-order
; second-order Here, q t (mg g À1 ) and q e (mg g À1 ) are the amounts of Pb(II) sorbed at time t and at equilibrium, respectively; k 1 (10 À3 /min) and k 2 (10 À4 g mg À1 min À1 ) are the rate constants of the pseudo-rst-order adsorption and pseudo-second-order adsorption, respectively.
Results and discussion
3.1 Characterization of biochar 3.1.1 SEM characterization and BET analysis. The SEM images of CS and CS-CNT are shown in Fig. 2 . CS-CNT showed obvious distinctions in morphology and pore volume; the surfaces of CS-CNTs were porous and rough and the nanoparticles were successfully attached onto the biochar surface. The BET surface areas and pore volumes of the tested samples are presented in Table 1 . The specic surface area and pore volume of CS were 193.52 m 2 g À1 and 0.077 cm 3 g À1 , respectively. CS-CNT showed a signicant increase in the specic surface area (231.6 m 2 g À1 ), and the pore volume values were much higher than that of CS; this reected that the carbon nanotubes might be stabilized on the biochar surfaces and the pore networks, which could increase the surface and enlarge the pores of biochars. 34 3.1.2 FTIR and XRD results. The spectra of the biochar samples are presented in Fig. 3(a) . The FTIR spectrum of the samples can further reveal the changes in the peak positions and intensities of pristine biochar and biochar-based nanocomposites. The spectrum of CS is roughly similar to that of CS-CNT. The spectra of the biochar samples were characterized by six bands at the wavenumbers of 3433, 2927, 1622, 1430, 1081, and 667 cm À1 . The bands at 2927, 1622, 1430, 1081, and 667 cm À1 are attributed to aliphatic CH 2 deformation, -COOH and C]O group stretching, C]C stretching of the aromatic carbons in biochar samples or COO-group stretching, Si-O-Si stretching, and C-O asymmetric stretching, respectively. [35] [36] [37] [38] As observed for all samples, the spectra of CS and CS-CNT show a stronger band at around 3433 cm À1 , which is attributed to the hydroxyl (OH) stretching. 39 The crystal structures of the biochar samples and carbon nanotubes were characterized by XRD. As seen in Fig. 3(b) , there is a diffraction peak at around 25 in the XRD pattern of CS-CNT, which is due to the hexagonal graphite structure 40 and is related to the successful attachment of carbon nanotubes to biochar. The intensity of this peak decreased aer the CNTs were supported by biochar, which demonstrated the presence of a turbostratic carbon structure with randomly oriented graphitic carbon layers. 41 Besides, there is a similar peak at around 28 in the XRD patterns of both the CS and CS-CNT samples; the sharp peak represents the formation of turbostratic graphite crystallites. 42,43
Effects of different conditions on Pb(II) removal
Adsorption isotherms of Pb(II).
Temperature is an important factor for the adsorption of heavy metals. The adsorption isotherms for the adsorption of Pb(II) on CS and CS-CNT at three different temperatures are shown in Fig. 4 . It can be observed that the adsorption amount of Pb(II) on CS-CNT is signicantly higher than that on CS, and the adsorption amounts of Pb(II) on both CS-CNT and CS increase with the increase in temperature; this is contrary to the observations reported in a previous study. 40 The adsorption data were described using the Langmuir and Freundlich isotherm models. The calculated adsorption isotherm parameters of Pb(II) are presented in Table 2 . As observed from the isotherms shown in Fig. 4 and the R 2 values presented in Table 2 , the Langmuir isotherm model can t better than the Freundlich isotherm model, suggesting that the interactions between Pb(II) and the sorbents might be mainly related to mono-layer adsorption; this might be because of the homogeneous distribution of active sites on the biochar sample surfaces. 44 The maximum adsorption amount of Pb(II) on CS-CNT was signicantly higher than that on CS, indicating that the presence of carbon nanomaterials enhanced the heavy metal sorption ability of biochar.
3.2.2 Adsorption kinetics of Pb(II). Herein, sorption kinetic experiments were performed to explore the reaction time and Pb(II) removal capacity of CS and CS-CNT. As shown in Fig. 5 , CS-CNT can adsorb more Pb(II) than CS; the adsorption reaction is fast in the initial 15 min and then gradually slows down until the equilibrium is reached at about 12 h. Hence, the time of 12 h was chosen as the reaction time to achieve the equilibrium of the adsorption process. CS-CNT could efficiently remove Pb(II) from water, and the capacity could reach 1641 mg g À1 , indicating that the carbon nanomaterials on the biochar surface could serve as active sorption sites for heavy metals or enhance the surface porosity properties. Several previous studies have demonstrated that CNTs have strong sorption abilities towards various contaminants including Pb(II). 45, 46 As shown in Table 3 , the Pb(II) sorption kinetics can better t the pseudo-second-order model than the pseudo-rst-order model, the R 2 values are between 0.99 and 1.0, and Q e is nearly equal to the equilibrium value. Pb(II) ions passed into the internal surface of the biochar samples via liquid-lm controlled diffusion. Hence, the adsorption of Pb(II) on CS and CS-CNT might be controlled by chemisorption including complexation, electrostatic attraction, and cation exchange. 47 Previous studies have demonstrated that both the biochar matrix and the carbon nanoparticles of the nanocomposites contribute to the sorption of heavy metals from aqueous solutions, which may complicate the sorption process and mechanism. 48 In addition, the functional groups on the internal and outer surfaces of the biochar samples may bind Pb(II) ions via "p-p dispersion interactions" and "donor-acceptor effect". 49 3.2.3 Effects of initial concentration. The initial concentration of the solution signicantly inuenced the sorption of Pb(II) onto the biochar samples (Fig. 6 ). As observed from the sorption process of Pb(II) on the biochar samples, the sorption capacities of the sorbents followed the order CS-CNT > CS. The adsorption rate of Pb(II) continued to increase on increasing the concentration of the solution until the initial concentration plateaued at 50 mg L À1 ; moreover, the maximum Pb(II) sorption capacities of CS and CS-CNT were the highest, with values greater than 1404.84 and 1450.53 mg g À1 , respectively. The metal sorption capacities of the biochar nanocomposites were signicantly higher than that of pristine biochar, proving that the CNT particles signicantly contributed to the sorption ability of the sorbents.
3.2.4
Effect of solution pH. The inuence of initial solution pH on the removal efficiency of Pb(II) by the biochar samples was examined in the solution pH range of 2.0-8.0; the results are shown in Fig. 7 . The solution pH exerted an inuence on the sorption of heavy metals by affecting the occurrence form of heavy metal ions and the surface charge distribution of biochar. It is evident that the adsorption capacity of CS-CNT is higher than that of CS when the pH varies from 5.0 to 8.0. The amount of Pb(II) adsorbed continued to increase on increasing the pH (Fig. 7) . Under the condition of a low pH, the adsorption abilities of CS and CS-CNT were low; the main reason was that there were a large number of H + ions in the solution, which competed with the Pb(II) ions for the sorption sites. 50, 51 At the same time, the amount of H + has an inuence on the positive charge existing in the biochar samples. In this study, when pH > 5, a small amount of precipitation of the adsorbed Pb(II) occurred. It is thus reasonable to choose pH ¼ 5 for the subsequent experiments as according to a previous study, in the pH range from 1.0 to 5.5, nearly 100% of Pb exists in the form of Pb(II), 52 whereas in some other studies, pH 6.0 has been used for Pb(II) adsorption. 53, 54 3.2.5 Effects of the ionic strength of NaCl. Ionic strength plays a signicant role in the adsorption process of Pb(II). Fig. 8 shows the inuence of different concentrations of NaCl on the adsorption of Pb(II) by CS and CS-CNT. The adsorption rate increased gradually with the increase in the concentration of NaCl. The reasons for this phenomenon are as follows: (1) the ability of Na + and Cl À to compete with metal ions for active adsorption sites is weak and negligible; (2) with the increase in the contents of Na + and Cl À in the solution, the electrostatic repulsion of Pb(II) is reduced and the adsorption of Pb(II) on the biochar samples is promoted; 55 (3) the increase in the contents of Na + and Cl À may also lead to the aggregation of the adsorbent molecules or ions, thus increasing the adsorption capacity of Pb(II). 56 3.2.6 Effects of the utilization times of the biochar samples. In the practical applications of biochar samples, the stability and efficiency of the sorbents have been given more attention. As shown in Fig. 9 , with the increase in the number of adsorption-desorption cycles, the adsorption rates of CS and CS-CNT gradually decrease. Aer four cycle experiments, the adsorption rates of CS and CS-CNT decreased by 4.99% and 5.17% compared with those aer the rst cycle of adsorptiondesorption and remained at 82.92% and 88.91%, respectively. The reason for this decrease may be explained by the desorption conditions, the concentration of Pb, the sorption materials, and the concentrations of various ions in the solution. [57] [58] [59] As observed from the above-mentioned results, the sorbent reported in this study has stable adsorption performance and huge application value.
Mechanisms
The results of this study showed that the combination of carbon nanotubes with biochar could effectively improve the sorption capacity of Pb(II) in an aqueous environment. Previous studies have also demonstrated that other nanocomposites such as sand-coated carbon nanomaterials show excellent adsorption ability for heavy metals. 60, 61 However, other previous studies have shown that both the biochar matrix and the carbon nanoparticles of the nanocomposites contribute to the adsorption of heavy metals, which may complicate the adsorption process and mechanism. 25 The FTIR spectra obtained before and aer the sorption of Pb(II) on CS and CS-CNT are presented in Fig. 10 . Aer Pb(II) adsorption, the band intensity of -OH (3433 cm À1 ) decreased and the Si-O-Si bending band (1081 cm À1 ) almost disappeared, indicating that Pb(II) adsorbed on CS and CS-CNT through complexation with oxygen-containing functional groups. On the other hand, a new band at 1394 cm À1 representing the covalent Pb-CO 3 bond appeared in the spectra of CS and CS-CNT aer the adsorption of Pb(II). 62 As shown in Fig. 11 , the possible mechanisms of Pb(II) removal by biochar-supported nanocomposites include complexation with oxygen-containing functional groups of the sorbents, cation exchange, and electrostatic attraction with the surface of the biochar samples. 23, 63, 64 In addition, several studies have shown that the functional groups, such as hydroxyl groups (-COOH) and hydroxyl groups (-OH), on the biochar samples can form strong complexes with Pb(II) by the "p-p dispersion interactions" and "donor-acceptor effect". 19, 49, 65 Herein, the adsorption capacity of CS-CNT was higher than that of CS.
Conclusions
Herein, novel nanocomposites were successfully prepared via the direct pyrolysis of the chestnut shells pre-treated with corresponding carbon nanomaterials and used for the adsorption of Pb(II). Compared with pristine biochar, the biocharsupported nanomaterials had the highest specic surface area and porosity, which were advantageous to the adsorption process.
CS-CNT could efficiently remove Pb(II) from water under the conditions of the Pb(II) concentration of 50 mg L À1 and the pH value of 5. The adsorption process was fast in the initial 15 min and reached equilibrium at about 12 h. The higher concentration of NaCl had a positive effect on Pb(II) removal; this may be due to the binding sites provided by Na + and Cl À . With respect to the adsorption isotherms of Pb(II) on the biochar samples, the Langmuir model could better stimulate the sorption process. CS and CS-CNT with a high correlation coefficient value (0.997-0.9997) exhibited a mono-layer adsorption behavior. The adsorption process could be well-dened via the pseudosecond-order model (0.99-1.0). The adsorption of Pb(II) on CS and CS-CNT might be controlled by chemisorption including complexation, electrostatic attraction, and cation exchange. The adsorption-desorption experimental results indicate that CS-CNT has stable and excellent sorption ability for heavy metals and huge application value. These carbon nanomaterials are promising sorbents for the treatment and remediation of metal contaminants.
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